Abstract High-temperature compost is a promising new technology to decompose organic wastes in orbiting space stations and human-inhabiting facilities on the Moon, Mars and other planets. We developed laboratory-scale models of high-temperature composters based on hyperthermophilic aerobic bacterial ecology. Organic wastes are processed in a reaction vessel heated to 80˚C by the action of soil microorganisms taken from a high-temperature compost factory. Wastes, including animal bodies and inedible parts of vegetables such as stalks or center cores of cabbage and fruits, were digested within a few days in our model reactors. In order to improve composting performance, we isolated and identified thermophilic microorganisms, which played crucial roles in degrading organic substances in the model reactors. We also isolated and purified enzymes which are capable of processing hard-to-digest proteins, namely collagen, elastin and keratin. Microbial diversity in the high-temperature compost soil cultured in the laboratory model reactors was examined by DNAs extracted from compost soil samples.
Composting and Sustainable Society
Composting is a traditional method of decomposing organic waste. Compared with burning, composting possesses several advantages. Composting is cheaper, since it does not require fuel or other energy resources. It is safer than burning because it does not produce toxic substances such as dioxins, NO x , and SO x . Furthermore, the end-product of composting can be applied in agriculture as fertilizer. Thus composting is considered to be a more suitable way to decompose organic waste for sustainable societies than burning.
Since the burning of wastes has been regulated in many advanced countries in order to prevent air pollution, composting techniques are revisited as an alternate method of waste processing. The interest in composting has grown rapidly. In a small closed ecosystem, such as the Space Station and human-inhabiting bases on the Moon and Mars, the production of toxic substances by burning waste would be a much more serious problem than on Earth. In this context, we propose the use of composting techniques in the Space Station and space cities on other planets in the future (Yamashita, et al., 2005) . One recent progress in composting technology is the invention of high-temperature composters, which possess several advantages over traditional composting methods. We developed a laboratory model for hightemperature composting, which can be regarded as a prototype of equipment for waste treatment in space habitation.
The most serious weak point of composting is the fact that decomposing organic wastes by rather slow biological actions requires a long time and a lot of space. One possible way to overcome the weak point is to use biochemical and microbial techniques in combination with the composting. For instance, pretreating wastes with enzymes that can attack and decompose hard proteins and celluloses, and/or with microorganisms that produce these enzymes, would reduce the time and space required for composting. To develop the utilization of enzymes and microorganisms that produce useful enzymes, it is necessary to analyze the microbial community and enzymes of compost soil. In this study, we analyzed the bacterial ecology of the hightemperature compost and also proteases present in the compost.
Many bacteria were isolated from compost soils, and their microbial properties characterized. The major bacteria are those belonging to the genus Bacillus and related genera including mesophiles and moderate thermophiles. One well-known species is Geobacillus stearothermophilus, a moderate thermophile (Nazania, et al., 2001) . In this study, we tried to identify major bacteria essential for high-temperature composting. We also attempted to isolate potential enzymes directly from the high-temperature compost.
that the temperature inside of a classical compost can reach 70 to 80˚C. Bacteria belonging to many different genera have been identified from samples of compost soil. The best known example of the major species in compost is G. stearothermophilus, which is a moderate thermophile and can thrive at temperatures up to 75˚C.
Bacteria that can grow at temperatures exceeding 50˚C, ar e called thermoph iles ( "h eat-loving").
Microorganisms that are capable of growing at 80 C or higher, are called "extreme thermophiles." Many moderate thermophiles, such as G. stearothermophilus, have been isolated from samples of compost soil. However, so far no extreme thermophile has been isolated from compost.
Recently much hotter composting techniques have been developed. For instance, Sanyu Company in Kagoshima City, Japan, operates a compost with an internal temperature greater than 90˚C, and in some cases even hotter than 100˚C. One great advantage of the high-temperature compost is its strong ability to degrade "hard proteins," namely collagen, elastin, and keratins (Kanazawa, et al., 2003) . At the same time, bacteria and viruses pathogenic to humans, animals and food plants can be killed quickly in the high-temperature composting.
The reason(s) why the inside temperature of these composts is so high is not known. We speculate that the physical scale of processing facilities has been enlarged gradually in the past few decades since the burning of wastes was prohibited. As the physical scale increases, the ratio between surface area and volume of the reacting bed decreases. Because the heat generated inside the bed is transmitted to the surface for dissipation, the inner temperature increases. Such new conditions might be favored by extreme thermophiles, leading to a change in bacterial flora inside the composting bed.
We have tried to isolate major bacterial species in high-temperature compost. We could grow several strains at 80˚C, but most of them were classified into a new, single genus. The type strain is an extreme thermophile, YMO81. YMO81 can proliferate at 83˚C, is gram negative, non-spore forming, and long rodshaped. These bacterial properties are different from those of G. stearothermophilus. Our detailed studies, including DNA analyses of the isolates, revealed that the isolates can be classified into a new genus. The detailed bacterial properties of the thermophilic isolate will be published elsewhere. We are proposing a new genus and species names, Caldaterra satsumae, for the new isolates (Moriya, et al., to be published soon, see http:// ftp.dna.affrc.go.jp/pub/dna_all/A/B2/50/96/AB250968/ AB250968/AB250968.fasta for 16S rDNA base sequence data of isolate. The isolate was deposited at American Type Culture Collection as ATCC BAA 1462).
Model Reactors in the Laboratory
For biochemical and ecological studies of hightemperature compost, we developed two laboratory model reactors. In one, the volume of the fermentation vessel is about 80 l (370 × 460 × 520 mm, width/depth/ height) containing roughly 12 kg compost soil. The composting bed inside is gently agitated by a rotating fin. The reacting bed is heated at 80˚C by heaters attached around the vessel. Hot air is blown on the compost soil surface in the reaction vessel. A simple condenser is attached to the air exhaust line to recover water vapor. The condensed water is returned to the reaction vessel to keep water content of the compost soil at 10-30%.
We also modified a commercially available "home composter" BGD-V18 made by Hitachi (Hitachi, Japan), a manufacturer of electrical appliances. The reaction vessel, about 20 l (310 × 150 × 400 mm, width/ depth/height) containing about 2 kg compost, is heated continuously at 80˚C and gently stirred. Small amount of water is continuously supplemented through a drip apparatus to keep moisture at the appropriate level.
These two model reactors, operated with same seed bacteria, have been working very well and are capable of processing many different types of proteinous wastes, especially dead animal bodies and vegetable wastes. We operated these two model reactors continuously. The larger reactor was continuously operated for more than one and half a year without removing the compost soil. A typical processing rate for a mixture of about 1.5 kg of dead rat bodies and about 1.5 kg of vegetable waste was one week. After the processing, no detectable increase in the physical volume of compost soil was observed, suggesting that organic sustenance added were almost completely oxidided to CO 2 and H 2 O. Typically the laboratory model reactor can be operated for 6 months, adding dead animals and plant wastes continuously, without taking any compost soil out from the reaction vessel. Water content is kept at 10-30% by adding water occasionally.
The salt content was monitored by measuring electric conductance of the compost soil and has increased slowly; the electric conductance at the beginning was 6.16 mS/cm under the conditions employed and was 8.12 mS/ cm after one and half a year operation. The increment of salt content is moderate and seems to be tolerant for the microbial community involved in fermentation of organic waste since a potent collagenase activity was detected at any stages throughout the continuous operation.
Non-Culturable Microorganisms Are Important to Digest "Hard Proteins"
YMO81 and other isolates from the high-temperature compost could not digest collagen, though the isolates did produce potent proteases and amylases. This finding suggests that collagen and other hard proteins are digested by the actions of so-called non-culturable microorganisms in high-temperature compost and in our laboratory reactors (Nakamura, et al., 2004; Arias, et al., 2005) . Symbiotic microbial ecology is well organized and functions in the compost soil. We isolated collagenases and other proteases directly from the compost soil. Features of the collagenases and proteases extracted were examined in terms of digestion capability against hard proteins and stability of such function under high temperature. By gelatin Zymography method (Nakamura, et al., 2004) , we identified at least four enzymes that show collagen degrading activities in the high-temperature compost.
Since the isolation of collagen degrading bacteria has been unsuccessful, we analyzed bacterial ecology in high-temperature compost by isolating DNAs directly from the compost. DNAs were extracted from hightemperature compost in our laboratory model (Dees and Ghiorse, 2001) .
16 S rDNA was amplified by using a universal primer (Takami, et al., 1999) . Denaturing Gradient Gel Electrophoresis (DGGE) analysis (Pedro, et al., 2001 ) is also currently underway. Randomly selected 16 S rDNAs were sequenced in order to identify species presented in high-temperature compost. Most of species identified are classified in the genus Bacillus. Some are identified to be genera Anoxybacillus and Virgibacillus.
Summary
O rg a n i c w a s t e s w e r e r a p i d l y d e g r a d e d a n d disappeared in the laboratory model reactors developed by us. We propose that these reactors be used as a prototype for equipment to be used in the Space Station and other human-inhabiting facilities on the Moon, Mars and other planets and satellites. Potent collagenases were detected in a cell-free extract prepared directly from soil samples of high-temperature compost processed in the laboratory model reactors. These enzymes produced by the hyperthermophilic composting bacteria can be utilized for pre-treatment of organic wastes to reduce the time required for degrading collagen-like "hard proteins" in wastes.
